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Abstract

Work on this program was aimed at developing and understanding nano-optical structures
with emphasis on developing quantum optical based devices. Specific work focused on semi-
conductor quantum dots. During this research period, a number of important discoveries were
made as well as critical demonstrations of importance to future technology. The discoveries in-
clude the prediction and observation of spontaneous emission induced coherence and the unex-
pected control of nuclear field fluctuations through coherent electron spin trapping that reduced
the nuclear fluctuations and increases the electron spin coherence time. Demonstrations include
fast spin state initialization, coherent spin trapping, quantum dot tomography, and the Mollow
absorption spectrum for neutral and negatively charged exciton. Future work will capitalize on
this progress to demonstrate deterministic entanglement between the electron spin and a photon
for quantum information transfer and entanglements between two electron in adjacent dots for
quantum based logic devices, sensors and communications.
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SUMMARY OF FINDINGS

Nearly all of the research findings pre-
sented in this report have been reported in
the annual reports. However, for complete-
ness, we list the major developments, and
we review a few of the most important re-
sults.

Introduction

The transfer of optical coherence to elec-
tronic coherence has featured prominently in
current research as many new applications
seeking to exploit the potential of this rela-
tively new form of control. Electromagnetic
induced transparency is one of the many ar-
eas where work is expanding as are related
areas in quantum information and coherent
optical control. While a few recent demon-
strations have been reported in solid state
systems such as impurity doped crystals and
recently in silicon, the bulk of the work has
been reported in atomic systems.

In this program, we built on our previous
work demonstrating that quantum dot struc-
tures interact with coherent radiation simi-
larly to atomic systems, unlike higher di-
mensional semiconductor systems that are
characterized by complex many body inter-
actions. We are using engineered structures
that have had their electronic structure modi-
fied to create the ideal 3-level A system
needed for demonstrations such as long co-
herence time for qubits in quantum comput-
ing, slow light and lasing without inversion.

The goal of the program is to demon-
strate that the essential physical features can
be seen in these systems and coherently con-
trolled. Ultimately, the coherence time in
these systems is limited by spin dephasing
which can be very long. Given that these
structures are created in III-V type material,
developments in this area would naturally
lead to easy integration with other optoelec-
tronic devices.

Our approach to the study and manipula-
tion of electron spin for application to spin
based devices is based on the use of coher-
ent nonlinear laser spectroscopy, coherent
transient excitation and optical control, and
the use of advanced semiconductor materi-
als. Specifically, the electron spin, which
would also correspond to the qubit for appli-
cations in quantum information sciencc, is
confined to a semiconductor quantum dot.
Coherent control of the system is achieved
by coherent optical excitation using the trion
state as the intermediate state, thus allowing
optical frequencies (eV) to be used to ma-
nipulate the spin states, separate by 10’s of
ueV. Materials are grown by MBE and fur-
ther processed by lithography techniques by
our collaborators, Dan Gammon and his
group at NRL.

For quantum computing, a scalable ar-
chitecture has been published by our col-
laborators (Lu J. Sham, UC-SD) bascd on
individual qubits (electron spins) confined in
adjacent quantum dots. Entanglement be-
tween spin in adjacent dots is accomplished
by a modified optical RKKY (ORKKY) in-
teraction resulting in a Heisenberg Hamilto-
nian coupling between the two spins.

Figurc 1 shows the basic energy level
diagram for InAs self-assembled quantum
dots charged with a single electron and thc
corresponding optical selection rules for
dots in an x-oriented magnetic field (Voight
profiles) resulting from addition of one clec-
tron. Two 3-level A-systems are produced.
Relaxation between the two states is deter-
mined by spin relaxation and is known to be
long, relative to the exciton relaxation time.
The long relaxation time is expected to lead
to long coherence times.




[T=> Figure 1. Enecrgy lcvel
diagram for thc ncga-
e — tively charged heavy hole
cxciton and polarization
sclection rules for a mag-
netic ficld in the Voigt
dircction in InAs. In
GaAs, the hole g-factor is
zero Icading a degencracy
in the excited states and
no polarization sclection
rulcs.

The usually forbidden optical transition
between the trion state and the other spin
state 1s allowed in the presence of a mag-
netic field in the x-direction (Voigt profile).
Coherent optical control of the spin states is
then enabled through a stimulated Raman
two-photon (SR2P) pathway, shown by the
red and green arrows.

—————————T. X

Summary of the most important achieve-
ments:

Demonstration of selective optical control of
electron spin

Discovery of spontaneous emission induced
coherence.

First demonstration of qubit tomography in a
solid.

Demonstration of fast initialization of the
spin state of an electron in a quantum dot in
the Voigt configuration

Demonstration of impulsive stimulated Ra-
man control of spin coherence.

Demonstration of the Mollow absorption
spectrum in a single quantum dot showing
Ghz high speed switching.

Demonstration of AC Stark effect of a single
electron transition that is important for fu-
ture switching experiments.

Demonstration of coherent optical trapping
and formation of the dark state in a single
quantum dot.

Demonstration of optical Controlled Lock-
ing of the Nuclear Field via Coherent Dark
State Spectroscopy

Discovery of hole-nuclear coupling and 5
orders of magnitude suppression of spin
decoherence.

The technical portion of this report will
feature just our most recent results.

Demonstration of the Trion Mollow
Absorption Spectrum, Ultrafast Elec-
tron Switching and the AC Stark Ef-
fect in a Single Negatively Charged
Dot

Because the excited state of a charged
dot i1s a 3-body state, it is important to un-
derstand and demonstrate control of the
physical properties of such a dot in the
strong optical field regime, i1.e. the light-
matter interaction strength is much larger
than the transition linewidth, undcr both
resonant and nonresonant excitation. For an
ideal two level atomic system, it has been
shown theoretically and demonstrated ex-
perimentally that the strong coupling leads
to new spectral features, such as Rabi side
bands in the absorption, and strikingly, the
amplification of a probe beam, which is
known as the Mollow absorption spectrum
(MAS)

The Mollow absorption spcctrum was
featured in the last report and was obtaincd
on a neutral quantum dot. We have repcated
those measurements now on a charged quan-
tum dot and extended them to show the light
induced level shifts of the AC-Stark effect.

The AC Stark effect plays a ccntral role
in QC architectures because it enables fast
optical switching of energy states to bring
states into or out of optical resonancc. Thc
results are especially important sincc a pub-




lication by another group in Europe failed to
see the Mollow spectrum suggesting that
negatively charged dots may not behave cor-
rectly allowing for Rabi oscillations. Fortu-
nately, our observations show that in a cor-
rectly grown dot, the strong field behavior
follows the standard theory.

" N .
L | I + ITERTE 1'2.‘1
, e o iN:1)
(E.
H s, *F N> ,
jo] ! (41
IS _T ® |liN)
) (bh) (9]

Figure 2. (a) The energy level diagram of a trion
(negatively charged exciton) state at zero magnetic
field. The absorption spectrum of the weak probe
(green arrow) is modified by a strong pump field (red
arrow). (b) The uncoupled atom-field states. (c)
Dressed state picture of a two-level system driven by
a strong optical field. The energy levels outside the
picture arc not shown. The cnergy splitting between
the dressed states with the same photon number

is hQ%, where Qf =407 +Qf is the generalized
Rabi frequency,

Figure 2 shows the basic approach of the
experiment. A strong optical field drives the
trion transition. A weak probe field then
measures the resulting absorption spectrum.
On the right of Fig. 2 is the dressed atom
picture discussed in the previous report.
When the pump detuning is large compared
to the line width, level shifts are observed.

In Fig. 2, the relative size of the circles
represents the relative population when the
pump is red detuned. The transition centered
at o, +Q} represents probe absorption (the
purple dashed line in Fig. 2(c)), and the tran-
sition centered at o, -Q% is probe gain due
to the population inversion of the dressed
states (the red dashcd line). The light blue
lines indicate transitions where the probe

frequency is close to the pump frequency
and the secular approximation fails. These
can give rise to a dispersive lincshape.
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Figure 3. (a) Top curve: trion Mollow absorption spectrum
at a pump intensity of 95 W/em2 with resonant pumping.
Bottom curve: a probe beam absorption spectrum with no
pump. Insct: the Rabi splitting of the side bands as a func-
tion of the pump intensity. (b) Trion Mollow absorption
spectrum with various pump dctuning with a fixed pump
intensity of 95W/ecm2. Two Rabi side bands are clearly
observed,where one is the AC Stark shifted absorption peak
and the other shows gain. (¢) The spectral position of the
Rabi side bands as a function of the pump detuning. We use
the trion transition cnergy as the zero point. The anti cross-
ing featurc of the Rabi side bands is demonstrated as the
pump is detuned from the red to the blue of the trion transi-
tion. (d) The cnergy scparation of the Rabi side bands as a
function of the pump detuning. The solid bluc linc is the fits

by the formula Q% = /67 + Q%

Figure3 shows the essential results of
this experiment. In Fig. 3a, the basic two
side bands are revealed at high powcr with

S




their dispersive line shapes as predicted by
theory (solid line) and separation given by
the Rabi frequency. This key result shows
the in spite of the manybody complexity of
the trion state and the potential coupling to
other states, the optical interaction follows
the predictions of the 2-level model. The
inset shows the linear dependence of the
side band splitting on the optical field.

Figure 3b shows the absorption spectrum
as a function of pump detuning with a fixed
pump intensity of 95W/cm2. Two Rabi sidc
bands are clearly observed, where one is the
AC Stark shifted absorption peak and the
other shows gain.

In Fig. 3c we see the avoidance crossing
due to the strong optical coupling to the sys-
tem by examining the spectral position of
the Rabi side bands as a function of the
pump detuning. Figure 6d The energy sepa-
ration of the Rabi side bands as a function of
the pump detuning. The solid blue line is the

fit by the prediction Q¢ =462 +Q2 .

our experiment is shown in Fig. 4 (left
panel). This is the same 3 level system used
to optically initialize the system using opti-
cal pumping and spin cooling discussed in
the previous report. When only V2 was on,
the electron was optically pumped from the
X- state to the X+ state.
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Figure 5. The dark state appears as the dip in the absorption
spectrum as a function of probe detuning from the H1 reso-
nance for various pump intensities, in units of the normalized

Figure 4. Left panel: 3 level structure for studying the
dark state. Right panel: Theoretical line shape for ab-
sorption as a function of the detuning of the filed nearly
resonant with H1 as a function of detuning from H1. s

Demonstration of Coherent Spin
Trapping, Formation of the Dark
State, and Arbitrary Spin State Ini-
tialization

Using cw narrowband excitation, it is
possible to excite just one of the trion states
in Fig. 1. The resultant 3 level structure for

Rabi frequeney.
When a probe field simultancously illu-
minates the system and is resonant with the
other transition (H1), the system evolves, in
steady state, to a dark statc. This state is a
superposition state of the two ground states
given, in the field interaction picture, by

Q,1X_)+Q,|x,)
,/Qf,+sz},

and i1s manifest as a dip in the probe absorp-
tion spectrum when the probe is on the HI
resonance. The theoretical result is shown
in the right panel of Fig. 4. The dip is evi-
dent even at low powers when the pump
power is well below that needed to observe
the onset of Autler splitting (cf last report.)
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Figure 5 shows the experimental result
for a number of different pump (V2) intensi-
ties (in units of the normalized Rabi fre-
quency). The presence of the dark state dip
is clear at intensities well below the onset of
the Autler Townes splitting.

The dark state shows not only arbitrary
spin state preparation but also further proof
of the spin coherence since the dark state
can not form in the absence of this coher-
ence. The observation of the dark state is a
neccssary step in demonstrating the ability
to line up the laser frequencies with the spin
coherence bandwidth needed for spin rota-
tion.

Demonstration of Ultrafast Coherent
Control of the Electron Spin

In this program, we succeeded in achiev-
ing the basic demonstration of complete op-
tical control of a single electron spin.

In these experiments, an external mag-
netic field of 5.5 T is applied perpendicular
to the growth direction of the dot leading to
the 4 level system shown in Fig. 1. Using
the results of the previous report, a CW laser
tuned to the negative trion resonance serves
to initialize the electron spin into a pure state
via optical pumping.

A singlc pulsc is used to manipulate the
initialized spin, and the result of the manipu-
lation is read-out by the initialization beam
as absorption.

For an on-resonant linear polarized pulse
(Fig. 6, upper left panel), population is ex-
cited from the initialized spin to the negative
trion states, which then spontaneously de-
cays to the spin ground states with equal
probabilities. Population that decays to the
optically pumped spin state results in re-
absorption of the CW probe beam, yielding
a signal proportional to the amount of trion

population excited by the pulsc. The re-
absorption signal shows oscillations as thc
pulse amplitude is increased, reflecting trion
Rabi oscillations.
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Fig. 6. Demonstration of coherent two-photon Rabi oscillations of
the spin state. Theory (upper 4 panels) and cxperiment (lower 4
panels) Upper panels: Numerical simulations and experimental
results of one-pulse electron spin control studics in a single dot as a
function of detuning and incident polarization. For an on-resonant
linear polarized pulse (upper left pancl) population is cxcited from
the initialized spin to the negative trion statcs, which then sponta-
neously decays to the spin ground states with cqual probabilitics
The signal shows oscillations as the pulsc amplitude is increased,
reflecting trion Rabi oscillations. Detuning the lincarly polarized
optical pulse reduces the amount of excited trion population. in
turn reducing the re-absorption signal (upper right pancl). In addi-
tion to generating trion population, an on-resonant circular polar-
ized pulse (lower left panel) can drive transitions directly between
the electron spin ground states via two-photon processes. As in the
case of the linearly polarized pulse, detuning of the pulse sup-
presses the contributions from trion excitation. A two-photon spin
Rabi oscillation is observed as the pulse amplitude is increased
(lower right panel). There is good agreement between theory and
experiment for low-to-moderate powers..

Detuning the linearly polarized optical
pulse reduces the amount of cxcited trion
population, in turn reducing thc re-
absorption signal (upper right panel). In ad-




dition to generating trion population, an on-
resonant circular polarized pulse (lower left
panel) can drive transitions directly between
the electron spin ground states via two-
photon processes, resulting in re-absorption
of the CW beam. As in the case of the line-
arly polarized pulse, detuning of the pulse
suppresses the contributions from trion exci-
tation.

A two-photon spin Rabi oscillation is
observed as the pulse amplitude is increased
in both theory (upper panels) and experi-
ment (lower panels). There is good agree-
ment between theory (which includes thc
laser induced red shift as the power in-
creases) and experiment for low-to-moderate
powers. At higher power, the trion may be
ionized or there may be increased coupling
to tunneling states in the heterostructure.
We believe this is due to a problem we are
now addressing in dot growth, namely re-
placing Te doping with Si doping (Te is
known to be more mobile during growth).

Coherent Optical Excitation and
Readout of Electron Spin Coherence
in Charged Quantum Dots

When the spin state is left in a coherent
super position of |X+) and |X-), the state

precesses in time, lcading to oscillations in
the absorption. Figure 7 shows the results of
the measurement. This amounts to a rota-
tion in the u-v plane of the Bloch sphere.

Numerical simulations and experimental
results of two-pulse electron spin control
studies in a single dot are again seen in the
upper panels. By utilizing two detuned cir-
cular polarized pulses, the precession of the
electron spin coherence generated by the
first pulse is observed in the re-absorption of
the CW beam as a function of the time delay
between the pulses. The frequency of the
precession, proportional to the Zeeman split-
ting of the electron spin states, may be con-

trolled by varying the magnitude of the ex-
ternally applied magnetic field.

The parameters for the numerical simu-
lations were obtained from separately per-
formed measurements of the electron and
hole in-plane g-factors, showing good
agreement with the experimental results in
the lower panels.
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Figure 7: Numerical simulations (upper 4 panels) and experimen-
tal results (lower 4 panels) of two-pulse electron spin control stud-
tes in a single dot. By utilizing two detuned circular polarized
pulses, the precession of the electron spin coherence generated by
the first pulse is observed in the re-absorption of thc CW beam as a
function of the time delay between the pulses. The frequency of the
precession, proportional to the Zeeman splitting of the clectron
spin states, may be controlled by varying the magnitude of the
externally applied magnctic field. The paramcters for the numeri-
cal simulations were obtained from separately pcrformed meas-
urements of the electron and hole in-plane g-factors.

Dynamic Control of Nuclear Spin
Fluctuations

An unexpected result of our work has
been the discovery that the optical field



eould be use to eontrol the nuelear polariza-
tion and reduee the nuclear fluetuations
leading to an increase of the spin coherent
time by over 2 orders of magnitude.

One of the acknowledged challenges to
proposals using spin in 111-V materials as the
qubit is that the spin resonanee and spin eo-
herenee are inevitably affected by the hyper-
fine interaction, and the dynamics of the
spin ean also aetively affect the nuclear en-
vironment, for example through the Over-
hauser magnetic field.

Recent efforts have been made to en-
hanee the electron spin coherence time
(T2*) by suppressing the nuclear spin fluc-
tuations in an ensemble of self-assembled
QDs and in eleetronic gatc confined double
dot systems. However, simultaneous optical
eontrol of the nuelear spins and eoherent
eontrol of the eleetron spin in a single dot
has yet to be achieved and remains an out-
standing bottleneck.

In this final period of the grant, we dis-
covered we were able to optieally suppress
the fluetuations of the nuclear field in a sin-
gly charged quantum dot well below its
thermal equilibrium, evident by a lower
bound enhancement of the electron spin
T2*. This optically controlled nuclear field
loeking via dark state speetroseopy fixes the
nuclear field at a value determined only by
the laser frequencies at fixed laser powers.

The nuelear field locking effeet is found
to result from an unexpeeted intrinsic hole-
spin assisted dynamie nuelear spin polariza-
tion (DNP) feedbaek process. This is a sim-
ple and powerful method to enhance the
eleetron spin eoherenee time without any
ecomplicated “spin echo” type teehniques,
where the eoherenee can only be transiently
recovered at eertain spin-echo times and the
recovered eoherence will only last for a

short duration equal to the non-enhaneed
T2* time.

We expect our results to provide thc
ability to reproducibly prepare the nuelear
spin environment for repetitive control and
measurement of single spins with minimal
statistical broadening.
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Figure 7. Hysteresis and irregular trion absorption line-
shapes in the two beam experiments (the dip is the dark
statc from above) as a function of forward and backward
probe scanning in the coherent spin trapping experiments
described above.

The discovery started with the obscrva-
tion of hysteresis and irregular trion absorp-
tion lines shapes in the two-beam experi-
ments described above as a function of for-
ward and backward tuning of the probe
beam as shown in Fig. 7.

Yao and Sham developed a model that
showed that the intrinsic hysteresis and dis-
tortion of the trion absorption profile was
surprisingly not duc to the electron beeause
energy conservation requirements at this
magnetic field made clectron-nuclear spin
flips a slow process. In fact, they showed
the anisotropic term in the hyperfine interac-
tion due to hole-eoupling was the origin of
the behavior and their theory beautifully re-
produeed the experimental features (Fig. 8).

Moreover, the model then predieted that
that the eoupling should lead to a reduetion
in the spin deeoherenee rate that inercases
with intensity. The dark state provided a
convenient means to study the spin decoher-
enece rate sinee the depth of the dark state




(reduction in absorption) increases with in-
creasing spin coherence time. Figure 9a and
9b show this behavior, with Fig. 9a showing
the decreasing decoherence rate with in-
creasing power. The data shows a factor of
40 suppression of the nuclear spin fluctua-
tions on the spin coherence.
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Figure 8. The model based on the anisotropic hyperfine interaction
with the hole results in the observed hysteresis and distortion of the
trion absorption. The sharp dip is the dark state.

The model shows that the nuclear spin
precession is a function of the trion excita-
tion level. As the nuclear field shifts to
move the trion off resonance, the system
works to restore the field to provide maxi-
mum trion excitation. This suggests that if
two optical fields are used by locking the
probe beam at the peak of the trion responsc
in Fig. 9b (shown by the blue arrow), that
we should then find a longer spin coherencc
time. Evidence to support this is seen in
Fig. 9c where we have used a third optical
field to scan the system. The dark state dip
due to coherent spin trapping is much
deeper, now, as anticipated. A4 fitting of the
data to the theory gives a spin decoherence
rate that is instrument limited at 1 MHz, a
factor of nearly 300 improvement. The re-
sults are out for review at Nature.

Summary

This program has resuited in new under-
standing of importance to nonlinear optical
nano-science, and has shown that nano-
structures may be potentially viable struc-
tures for optically controlied quantum de-

vices. The studies have now evolved to
studies of charged quantum dots that give
rise to an energy level structure similar to
that needed for many innovative applica-
tions such as for creating slow light devices
and quantum logic gates.

The work has even shown control of the
nuclear system which we are now examining
to determine if it possible to transfer elec-
tron coherence to nuclear coherence for long
term storage. This work has laid the founda-
tion for our futurc studies of spin based
quantum dots and more complex structures
based on interacting quantum systems such
as coupled quantum dots.
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Figurc 9. The model showed that the combined coherent
coupling leads to a reduction in decoherence rate as the
optical ficlds are increased in strength. Fig. 9a shows the
dependence on power, Fig. 9b shows a typical data sct uscd
to extract the information for Fig. 9a. Figure 9¢ shows that
locking the probe in Fig. 9b to the location of the blue line
and scanning a 3" optical ficld results in a greatly increased
transmission at the dark state demonstrating that continuous
locked fields can reduce the coherent rate by over 2 orders
of magnitude (sce text for discussion).




